The airway epithelial cell is an important target in ozone injury. Once activated, the airway epithelium responds in three phases. The initial, or immediate phase, involves activation of constitutive cells, often through direct covalent interactions including the formation of secondary ozonolysis products-hydroxyhydroperoxides, aldehydes, and hydrogen peroxide. Recently, we found hydroxyhydroperoxides to be potent agonists of bioactive eicosanoid formation by human airway epithelial cells in culture. Other probable immediate events include activation and inactivation of enzymes present on the epithelial surface (e.g., neutral endopeptidase). During the next 2 to 24 hr, or early phase, epithelial cells respond by synthesis and release of chemotactic factors, including chemokines-macrophage inflammatory protein-2, RANTES, and interleukin-8. Infiltrating leukocytes during this period also release elastase, an important agonist of epithelial cell mucus secretion and additional chemokine formation. The third (late) phase of ozone injury is characterized by eosinophil or monocyte infiltration. Cytokine expression leads to alteration of structural protein synthesis, with increases in fibronectin evident by in situ hybridization. Synthesis of epithelial antiproteases, e.g., secretary leukocyte protease inhibitor, may also increase locally 24 to 48 hr after elastase concentrations become excessive. Thus, the epithelium is not merely a passive barrier to ozone injury but has a dynamic role in directing the migration, activating, and then counteracting inflammatory cells. Through these complex interactions, epithelial cells can be viewed as the initiators (alpha) and the receptors (omega) of ozone-induced airway disease. -Environ Health Perspect 103 (Suppl 2): 91-95 (1995) 
Introduction
Concerns continue to increase about whether the current ambient air quality standard for ozone (120 ppb) provides an adequate margin of safety for the U.S. population. Several clinical (1-4) and epidemiological (5-7) studies, some of which are presented in detail in this paper documented significant decrements in pulmonary airflow in persons exposed to < 120 ppb (Table 1) . Such effects are more readily observed in exercising individuals when exposures are extended (> 4 hr) (8) .
In related studies, another consistent finding is an increase in inflammatory cells in bronchoalveolar lavage fluid obtained after <120 ppb ozone exposure (1, 3, 4) . Increases in inflammatory mediators (bioactive lipids and cytokines) and protease (elastase) accompany this change ( Figure 1 ). The cellular sources of these mediators in bronchoalveolar lavage fluid from proximal conducting airway and distal lung regions are uncertain.
Although the bronchoalveolar junction is considered the primary site of ozone attack in the lung (9), another important target site is the airway epithelium (10) . Previous analyses of regional ozone deposition and absorption (11, 12) suggest that exposure to high concentrations of ozone could result in deposition sufficient to induce epithelial damage (histological changes). Such ozone exposure can alter the maintenance of epithelial barrier (13) (14) (15) and particle clearance function (16) . However, at lower concentrations (i.e., -100 ppb), ozone deposition in the airways is likely to be less, and health effects are thus more difficult to uncover experimentally. Nonetheless, the apparent changes in airway function (e.g., decreased forced expiratory volume [FEV10] ) argues that airway perturbation (perhaps at a level undetected by conventional histology) must occur even at low level exposure.
Subtle injury to epithelial cells may play an active role in systemic airway responses following low-level ozone exposure (5, 17, 18) . In evaluating these effects, it is important to consider both constitutive functions and elicited defense mechanisms of the epithelium (Table 2) . Ozone may influence cellular function directly by chemical modification of molecular constituents of the cell membrane or indirectly by the interaction of its primary reaction products (Table 3) .
Immediate Phase
The immediate phase occurs during (or within 2 hr after) exposure and is charac- (37) . Similarly, loss of neutral endopeptidase activity caused by toluene diisocyanate may influence subsequent responses to irritants such as compounds that induce mucosal edema or mucus gland secretion (through mechanisms involving retrograde neurotransmitter release from sensory neurons). Data on ozone's effects on this important enzyme are preliminary (38, 39) , but recent evidence suggest that neuropeptide release and inactivation of neutral endopeptidase can also occur following ozone exposure.
Early Phase
During 2 to 24 hr after acute injury, the next (early) phase is initiated and characterized by infiltration of polymorphonuclear leukocytes (predominately neutrophils). Epithelial cells, along with other resident cells, can synthesize and release chemotactic factors thereby directing migration and activation of neutrophils (17, 40, 41) . This, in part, results from augmented bioactive lipid mediator release from both resident and migratory cells, with elevations present in pro-inflammatory eicosanoid (e.g., leukotriene B4 or prostaglandin F2Q). As noted previously, ozone activates eicosanoid metabolism in airway epithelial cells (17, 36) .
Additional elevations of cytokine concentrations, demonstrated to be derived from airway epithelial cells, may also play an important role in orchestrating this early response to ozone. Elevated synthesis and release of interleukins (IL) and possibly tumor necrosis factor (TNF ) during this early period are thought to activate the subsequent release of secondary mediators. For example, IL-1 and TNFa may be responsible for secondary IL-6 and IL-8 expression. Recently, we have begun to examine the effects of ozone inhalation on macrophage inflammatory protein-2 (MIP-2), a chemokine, in mouse lung (42) . These results indicate that MIP-2 mRNA transcript levels are increased (as determined by reverse transcription-polymerase chain reaction) at doses that produce increases in neutrophils in lavage fluid. Increases in MIP-2 transcript levels also precede the neutrophil infiltration. Our initial conclusion is that ozone-induced chemokine (including MIP-2 and related proteins, IL-8, RANTES, etc.) expression has a clearer association with neutrophil infiltration than does chemotactic eicosanoid (leukotriene B4 or 1 5-diHETE) formation.
Once leukocytes are present, the profile of eicosanoid metabolites within the epithelium also may change through transcellular eicosanoid metabolism (Figure 1 ). Elastase is a potent agonist for mucus secretion (43) and chemokine formation (41 
Summary
Inhalation of ozone in the past has been associated with airway dysfunction marked by physiologic and histological change. These changes are typically noted only after high level exposure. More subtle changes have been noted in recent years which may or may not be associated with histological changes. Through a clearer understanding of ozone's preferred targets and the role of subtle biochemical changes in the airway epithelium, the early events in a host-initiated cascade have been uncovered. At present, aspects of the above discussion are still speculative due to a lack of experimental details. (For example, does the increase in MIP-2 observed in mouse lung occur in humans?) One purpose of this presentation is to present future research directions that may increase our knowledge of the cellular and subcellular mechanisms responsible for ozone toxicity.
Nonetheless, at present we can conclude that epithelium is not passive in airway injury/response to ozone. It has an active role in directing the migration of inflammatory cells and in the release and co-metabolism of inflammatory mediators. Thus, it is partially responsible for changes in the microenvironment surrounding the epithelial cells. Ultimately, these changes can alter the phenotype of the epithelial cell population, possibly leading to persistent changes in cell metabolism (e.g., loss of neutral endopeptidase) or in mucin-producing cell types important in hypersecretory diseases (bronchitis). In this way, epithelial cells can be viewed as the alpha (initiator) and the omega (receptor) cell in ozone-induced airway disease.
